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integrate to find the sonic boom starting at an altitude of 17 km, with
strength . 10‘-3 and length Lo = 30 meters, believing these to be
characteristic of a supersonic aircraft. (One effect not mentioned
previously was taken into account: that the increase of sound speed
with altitude also causes a lengthening of the boom, contributing to

lowering its strength.)

Figure 3 shows the strength of the boom as a function of

altitude. The bocom reaches a strength of little more than 0.1 at

160 km altitude. Note that an extrapolation of the isothermal atmosphere

(valid below 100 km) would have.given a strong shock in this region.
Thus the thermospheric properties just manage to avoid the production

of strong shocks.
From this result we may calculate thermospheric heating and winds,

Inside the shock AT = y=1 s T < 30°

2
Behind the shock AT & L= &3 1 < 0.03°
a 12Y3 a

AT
a

Wind B e gl €
in v T. 3 cm/sec

These values are clearly negligible compared to other fluctuations in

the atmosphere.
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Figure 3 VARIATION OF SHOCK STRENGTH WITH ALTITUDE

17

- 2 A N S M oY
2 ot . e AP T

e L A,

¥




f-"“ —_— N ——

Figure & shows the calculated energy in the sonic boom as a
function of altitude. We see that 90% of the energy is lost before

reaching 160 km altitude.

Figure 5 shows the lengthening of the boom. At 160 km altitude

the boom reaches a length of about 4 km.

We may describe the history of an upward-going sonic boom, following
Figures 4 and 5, by approximating the true refractive path (with an
upper turning point at about 160 km) by a vertically upward path to
160 km followed by a vertically downward path to the ground from 160 km.
In that approximation only 3% of the initial energy is remaining at the
upper turning point, and the boom has lengthened to 4 km. One can show
that in the downward-going leg of the path, only about 30% of the
energy at 160 km is lost, and the length does not change significantly;
the smallness of these changes is due to the rapid decrease in the
strength as the boom enters denser atmosphere. Hence the signal reach-
ing the ground after refracting off the thermosphere is approximately
50 times less energetic than the sonic boom that travelled directly
downward from the aircraft, and it is about 4 km in length, giving

peak frequencies in the infrasonic region (~0.1 Hz).

The loss in energy and the lengthening results in a strength at

the ground of

18
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Figure 4 DECAY OF ENERGY OF A WEAK SHOCK PROPAGATING VERTICALLY IN THE ATMOSPHERE
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icant energy loss or lengthening will occur,

' F. Other Effects

21

If this signal bounces off the ground and undergoes another thermo-

’ speric refraction, its strength will remain so small that no signif-

A more extensive treatment of this problem would consider the
. correct direction-changing path of an angled sonic boom that spreads
in three dimensions. Such a treatment would also consider the caustic

that forms after the wavefront has turned over. In addition viscosity

. in the air could be included. After this work was completed an
extensive paper by Gardner and Rogers (Naval Research Laboratory) was
received that took all these effects into account. They reached

" conclusions that are qualitatively and even quantitatively similar to
those wé'héve derived with our simplified model.

3

e, e L bk s A AT Sy
g o

R




R e

III RESEARCH NEEDS

Widespread interest in the "East Coast Mystery Booms' has focused
attention on the problem of understanding the propagation of low frequency
sound in a strongly stratified, inhomogeneous atmosphere having winds of
various strengths at different levels. In the United States the subject
received considerable attention in the 1950s and 1960s, first because of
an interest in detecting nuclear explosions in the atmosphere and second
because of concern over the effects of flying supersonic transports, both
American and the Concorde. More recently the subject of infrasound has
been largely neglected. At the start of the East Coast events there was
only one low frequency acoustic array in operation, the Lamont-Doherty
facility.6 At Lamont, Donn operates two tripartite arrays of capacitor
microphones. The larger array is on a 600 to 900 meter spacing and has
been in operation since 1967 while the smaller array is on 60 - 80 meter
spacing and was put in operation in July, 1977. During March and April,
1978, in order to supplement existing observational facilities, Mitre oper-
ated three two-microphone correlators at Bedford, Massachusetts, Atlantic
City, New Jersey and Mclean, Virginia. The study of the East Coast Booms
was aided by the existence of qeveral seismic arrays where atmospheric
pressure disturbances were recorded only along the vertical axis of the
seismograph. While useful, seismometers, because of their poor perfor-

mance in the 0.01 to 5 Hz region and because of the impedance mismatch

23
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across the air-ground interface, are less than ideal instruments for

observing atmospheric disturbances.

6,12,13 2,16,15

The recent investigation by the Lamont and Kiruna groups
have indicated that numerous artificial sources can be detected at large

distances, for example rocket launches, the operations of SSTs, paper

mills, hydroelectric plants and offshore-oil drilling equipment. The
indicated richness of these sounds suggest that a number of properties of
the atmosphere, for example stratospheric and thermospheric winds, could
be monitored on a routine basis using netted acoustic arrays. Such obser-
vations are possible because of a fundamental property of the atmosphere:
infrasonic waves can propagate over long distances because the attenuation
is very small in the 0.01 to 5 Hz region, a freqﬁency band where natural

atmospheric noise is also very low.

The general considerations presented above suggest a number of research

priorities:

A. Observationai

1. The construction and operation of sevefal netted infrasonic arrays -
operating in the 0.01 to 5 Hz region to monitor Concorde and other
artificial sounds of infrasound along the East Coast. The existing
Lamont facility needs to be supplemented by other arrays in order to
understand better the Concorde signals. As noted by Gardner and

Rogerlg an array on a base length of one kilometer has poor directional

24
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resolution of sound waves in the few tenths of a Hertz range.
Commercially available capacitor microphones are relatively inex-
pensive, a few hundred dollars, and sophisticated data processing
techniques developed in other fields (radar, ocean acoustic) could
be readily applied to the atmospheric problem. Both fixed and por-
table arrays should be employed to determine the background noise
levels in the infrésonic frequency region as a function of time of
day, season and weather as well as array location. Such data are
essential if we are to understand the origin of the natural noise

as well as to plan the location of future arrays.

2. Source spectra of artificial sources. The near field spectra

of artificially produced infrasound is very poorly understood. For
example the specfra of conventional jet aircraft below 60 Hz is not
known and the source spectrum in the infrasound region of the Concorde
is poorly understood. Data on the infrasound spectra of industrial
facilities, steam power plants and hydroelectric facilities are not
available. These spectra are needed in order to study the non-linear
conversion of frequencies in a weak shock, the attenuation of weak
shocks at various altitudes, and the contribution of various artificial

sources to signals in the infrasound region of the acoustic spectrum.

e Correlation of ionosphere soundings with acoustic detection.
Liszka and Olssonla report that flights of supersonic fighters (Saab
35 Draken) produced both infrasonic (2 Hz) signals at ground level

and fluctuations in the E layer reflection height of as much as 7 km.

25




The interaction of weak shocks with the weakly ionized portion

of the ionosphere should be investigated both to understand the
nature of the coupling, the possible contribution of the neutral-
ion interaction to dissipation at high altitudes and the possible
use of ionospheric observation to detect weak shocks launched at
ground level or in the atmosphere. Liszka and Olsson also observed
a short-duration E~layer echo at 130 km 50 sec before the arrival
of the infrasonic waves, suggesting that the supersonic aircraft may

have generated another mode of propagation, possibly gravity waves.

4. Artificial noise -generating arrays. An array of infrasound
sources producing a narrow beam of high intensity could provide a
powerful tool for probing the phyvsical conditions in the high atmo-~
sphere. Such a facility would be particularly useful in investigating
the dissipation mechanisms in the thermosphere. Recent calculations

of the dissipation assume that classical viscosity and heat conduction

are the principal meéhaniéms for dissipation.9 For the thermosphere, 5
inhomegenieties in the Aensity and temperature fields on temporal and

spatial scales smaller than those of the transmitted wave can act as

an effective eddy viscosity which could be much larger than the

classical viscosity. A sound array coupled to an ionosonde facility

would be a powerful tool for investigating the neutral-ion interac-

tions noted above.

26
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Theoretical

1. Origin of background noise in the infrasound region. Natural
infrasonic noise is generally attributed to turbulent fluctuations
in the wind field. The relations between these fluctuations and
ambient weather conditions have not Been adequately explored. An
understanding of the nature and origin of the natural background

noise is essential to selecting quiet sites for infrasonic arrays.

2. Attenuation of weak shocks in the high atmosphere. The

concepts of classical viscosity and heat conduction are

probably no longer appropriate when the collision frequency in the
ambient atmosphere is of the same order as the infrasound frequencies.
The physical nature of the attenuation in the atmosphere above about
100 km needs to be understood in order to interpret long-range pro-

pagation of infrasound.

3. Coupling of weak shocks with ionized particles. The observation
of E layer height Qariations associated with the upward propagation
of a weak shock suggest a strong coupling. The detailed physics of
the coupling needs examination as does the possible contribution of

weak plasma effects to the attenuation.

4. Artificial generation of gravity waves in the atmosphere. The
present report has examined the infrasound part of the spectrum.

Artificial sources of gravity waves may exist, for example Concorde,

27




and these artificial waves could perturb the ionosphere. A variety
of potential artificial sources should be examined in terms of source
strength so as to determine whether observations below 0.01 Hz could

yield information about artificial sources and about the propagation

of gravity waves in the atmosphere.
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Appendix A

SONIC BOOM PROPAGATION

A. Fundamental Equations

Consider a sonic boom consisting of a shock discontinuity followed
bv a continuous waveform of length L (Fig. A-1). The shock is travelling

into ambient atmosphere at speed u:

Pressure
TSNS S :
(1[0 -
P‘ v(x)
Pa plx) "
Ta pixj T1 4
T(x)
4 - X
X=0

Figure A-1 CONDITIONS IN A PROPAGATING WEAK SHOCK

Just after the shock (i.e. at x small but positive) we define the
pressure, density, and temperature by " p(o); P p(0); To = T(o).
The velocity of the gas v(x) is non-zero within the shock, and again we

define e v(o).
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The full set of relations between quantities on either side of the

shock discontinuity are the following:

Mass conservation p u = oo(u - vo) (1)
Momentum conservation Qs e = g (2)
Energy conservation R CV(T0 - Ta) + % vg g (3)
Equation of state P, = o RyT, (4)

Within the sonic boom these same conservation laws yield:

pu=e[ - ve)] (5)
U axv(x) = Bxp(x) (6)
.
Pau ax cv(T - Ta) + 7V ' 3x(Pv) (7)
p(x) = p(x) RM T(x) (8)

Equations (1) - (4) yield a number of relations by simple algebra,

which we present in terms of the shock strength

s= (p, - p,)/p, (9)
and the ambient sound speed
ez (vp /o) (10)
32
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’
; One can show that the shock speed is
)
: b
¢ L )
u c(l + 2y © (11)
’ which yields for s<<1
i Y+l
us= C(l + e S) (11-6)
]
The temperature just behind the shock is
1 : -1
= Y—_—]'- ( ul_ ) 2
To Ta(l + s)(l + 2 s) 1+ 2 S (12)
which yields for s<<l
€
srjr, = Xzlg (11-1)
a Y
4
The entropy change across the shock is
T S = c  log (TO/Ta) + Ry, log (oa/so)
e :
; which yields
;
\ ; [ 4
(7 / ~y
; . ‘ -1 )( L o1
: AS <y log ‘(l + s)(l + % s 1 7y s ' (13)
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B. Relations within the Sonic Boom

The exact manner in which the various thermodynamic variables change
as a function of distance behind the shock is a complicated question of

fluid dynamics. However, we may make some general remarks:

© The integral of the absolute overpressure must ultimately
be close to zero as the gas is assumed to return to velocity
much less than the sound speed after the shock has passed.

Thus some region of negative overpressure is a necessity.

® In regions of smooth pressure behavior, the thermodynamic
changes will be isentropic. However, a second shock
behind the first will also have an entropy jump. Because
of the distortion of the shape of the shock, the entropy
jumps in the second shock will be less than that of the

first shock.

We must determine the total energy in a unit area of wavefront, and

the energy left behind the wavefront in the ambient atmosphere.

The energy per unit volume at a distarce x behind the shock is

™
m

e, -1) +3 % o0 (14)
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) Using energy flux conservation we have
s 1
e = — p(x)v(x)e (x) . (15)
G
’ Mass flux conservation yields
€ = (xg°(x) - px) . (16)
a
' Now we assume isentropy over the decay of the pressure so that
o(x) = o_(p/p )Y
o o 1
s Pa7 i r:—l
el ME o % loen | gl 17
P a
. a\'o
' To find the total energy in the wave we must integrate € over the
length of the waveform: Thus we must know p(x) . We know that the integral
T of p(x) - p(a) must be very close to zero. Let us assume the usual N-wave
form of the pressure
p(x) = P, l 10 i—-(% - x)l O<x<L (18)
L}
One can then show that
' 2y+1 2y+1
+ 32 R Y
: 2 Y(1+%§ls)|(1+s)v -(1-35)Y 3
. tafimegh XL Jq 4 o1/ s TRl
4 22y + D1+ FLs)a+ o7
For s<<1 we find
 §
E & ﬂ L P 52
2 a
6Y
v ]
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€. Relations after Sonic Boom Passage

An entropy jump across the first shock followed by isentropic expan-
sion back to ambient pressure, will leave the atmosphere heated behind
the shock. The second shock in an ideal N wave will generate as much
entropy as the first, since the underpressure in the following shock wave
equals the overpressure in the leading wave. In an actual case, the shock
lengthens as a result of momentum transfer and the second.shock will be
weaker. In this report we consider the weakening of the shock resulting
only from entropy jump at the first shock, recognizing this approximation
may underestimate the fractional energy loss by as much as a factor of

two but probably much less.

. Y
S = c log (TI/Ta) (20)
so that
T./7 = (1 + S)I/Y(l + L'_l_ sl +lﬂ )-1 (21)
1'‘a 2y 2y ﬁ

For 8<<1 we have

AT 2-1 3 3

= X2 g’ = 0.03s (11-2)

T 3

a 12y

8o that even moderate-strength shocks heat the atmosphere very little.
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The energy loss in travelling a distance L is AE = chToaL >
and using our formulas for AT, E , noting that R RH/(y-l) we find

the fractional energy loss in traveling a distance L 1is

"2y (22)

PN N (11-4)

or

]

=
Q
t

a0
h YL

for a N wave maintaining its ideal shape.

The momentum transferred to the atmosphere is related to the energy

deposition. A wave travelling at nearly acoustic speeds (i.e. s<<1) would

have the relation

Energy deposited (23)
(o4

Momentum transferred =

Thus the velocity imported to the atmosphere after the passage of the

boom would be

c AT
it s v
- Energy deposited/unit mass _ a (24)
c c
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This immediately yields

C ATa
vV = ;TY-—I) —T: (11-5)
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